Preliminary animal studies on observation of injured spinal cord with intraoperative ultrasound backscatter microscopy by HaiJun Niu et al.
   
 
© The Author(s) 2012. This article is published with open access at Springerlink.com csb.scichina.com   www.springer.com/scp 
                      
*Corresponding authors (email: lixiaoguang@buaa.edu.cn; yubofan@buaa.edu.cn) 
Article 
Preclinical Medicine June 2012  Vol.57  No.18: 22802284 
 doi: 10.1007/s11434-012-5219-7  
Preliminary animal studies on observation of injured spinal cord 
with intraoperative ultrasound backscatter microscopy 
NIU HaiJun, LI LiFeng, LIAO Kai, LI XiaoGuang* & FAN YuBo* 
Key Laboratory of the Ministry of Education for Biomechanics and Mechanobiology, State Key Laboratory of Software Development Environment, 
School of Biological Science and Medical Engineering, Beihang University, Beijing 100191, China 
Received September 15, 2011; accepted January 10, 2012 
 
Many studies have shown that strategies of nerve regeneration and cell-based transplantation are valid based on animal models of 
spinal cord injury (SCI). To apply these strategies and bridge spinal cord defects, the identification and precise localization of 
lesions during spinal cord surgery is necessary. The aim of the present experiment was to evaluate the capabilities of ultrasound 
backscatter microscopy (UBM) in identifying morphologic changes after SCI. After laminectomy, high-resolution ultrasound 
images of the spinal cord were obtained in one normal and seven spinal cord-injured adult Wistar rats using a UBM system with a 
55-MHz center frequency scanner. Comparison between histoanatomic and UBM images was also performed. The results showed 
that UBM can identify cysts after the experimental SCI is removed in adult rats. In addition, the glial scar formed in secondary 
injury showed obvious hyperechoic speckle in the UBM image and correlated with the histoanatomic image. UBM has obvious 
clinical value in nerve regeneration and cell-based transplantation strategies in injured spinal cords. 
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Spinal cord injury (SCI) causes serious damage to the cen-
tral nervous system. Although improvements in emergency 
and acute care with the progress of modern medicine have 
increased survival rates of SCI, the number of individuals 
who must cope with severe, lifelong disabilities has in-
creased. These patients suffer greatly because of permanent 
sense and movement losses.  
In the past decade, SCI research has resulted in many 
discoveries, especially nerve regeneration strategies and 
cell-based transplantation strategies, which have been vali-
dated in animal models of spinal cord injury [1–3], making 
the repair of injured spinal cords and functional recovery a 
potential goal. However, regeneration of spinal nerve fibers 
is difficult. Axonal recovery in the spinal cord is thwarted 
by two fundamental obstacles: inherently weak regenerative 
ability and a powerfully inhibitive post-injury environment 
of physical and chemical factors [4]. The most potent factor 
is the glial scar and cyst produced with secondary SCI at the 
injury site. The glial scar is a collection of reactive cells 
(astrocytes, microglia, and meningeal fibroblasts, among 
others) and their expressed cell-surface and matrix mole-
cules that surround the area of injury and ultimately hinder 
the advancement of all regenerating axons [5–7]. Some studies 
have confirmed that surgical glial scar resection for axonal 
regeneration is effective. However, to resect glial scars and 
bridge spinal cord defects, the precise localization and iden-
tification of glial scars during surgical manipulation is nec-
essary [8,9]. Thus, how to obtain images with high quality 
and high resolution is vital for successful resection of glial 
scars and healing of spinal cord defects. 
Magnetic resonance imaging (MRI) is the most widely 
employed diagnostic modality in neuroradiology. It can 
demonstrate the anatomical structure and associated prob-
lems in and around lesions during preoperative diagnoses. 
MRI facilitates the identification of correlations between 
histopathologic sequelae observed after SCI, such as edema, 
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hemorrhage, and secondary degenerative changes including 
glial scar and cyst formation [10]. However, MRI provides 
only a reference because the spinal cord may undergo in-
traoperative deformation and excursion; thus, its intraopera-
tive use is limited [5]. 
As a commonly used diagnostic tool, intraoperative ul-
trasound has been suggested for identification and charac-
terization of spinal cord lesions and has been successfully 
used to guide intraspinal surgery for many years [11–15]. 
Compared with preoperative MRI, intraoperative ultrasound 
not only provides visualization of intraspinal abnormalities, 
but assesses the progress of spinal cord surgery before the 
operation is completed [16]. However, its limited image 
quality has limited its use. Thus, ultrasound backscatter mi-
croscopy (UBM) was developed. This technique allows for 
visualization of the internal structure of soft tissues at mi-
croscopic resolution [17–21]. Transducers with higher fre-
quencies are used to obtain resolution 10 to 20 times greater 
than that of conventional ultrasonography, and structures as 
small as 20 m can be seen. This equipment is sensitive to 
subtle changes in tissues and is clinically used to diagnose 
small structural lesions, such as the internal structure of 
living tumor spheroids and the anterior structures of the 
intact eye.  
The purpose of the present experiment was to explore (1) 
whether spinal cord lesions such as cysts and glial scars 
could be visualized more precisely with UBM, (2) whether 
the UBM image correlates the findings with those of light 
microscopy, and (3) the clinical value of intraoperative 
UBM in the guidance of spinal cord glial scar resection. 
1  Materials and experiment 
1.1  Surgical procedure and animal care 
Eight adult Wistar rats (250–300 g) were used in these ex-
periments. One normal rat was used to directly follow the 
ultrasound image acquisition process. The other seven rats 
were anesthetized by intraperitoneal injection of 6% chloral 
hydrate (0.6 mL/kg body weight), and their skin was shaved 
before they were fixed in the prone position on the operat-
ing table. The spinous process T8 was identified as the cen-
ter of the incision, and the skin and muscles were cut about 
3 cm along the direction from head to tail. Under an opera-
tion microscope, the rats underwent sharp separation of the 
paravertebral muscles until their thoracic vertebrae from T7 
to T9 were exposed; laminectomy was then performed at 
the exposed segment. The spinal dura mater was cut open, 
and the spinal cord was transected with a surgical blade at 
the T8 level, ensuring contact between the frontal and lat-
eral walls of the vertebral canal. The muscles and skin were 
then sutured. Immediately following the operation, the rats 
were returned to their cages with easily accessible water and 
food at room temperature (24–26C) and were intraperito-
neally injected with 1 mL of antibiotics once daily in the 
first postoperative week. The bladder was massaged twice 
daily after the surgery until normal bladder function was 
restored. This experimental procedure was approved by the 
Experimental Animal Center and Animal Care Committee, 
Beihang University, Beijing, China [22]. 
1.2  Image acquisition 
Intraoperative UBM imaging was performed with a Vevo 
770 (VisualSonics, Toronto, Canada) high-frequency UBM 
system. A 55-MHz center frequency transducer (RMV708) 
was employed. At a 4.5-mm focal distance, the axial resolu-
tion was 30 m with a 10.7-mm depth of field. Two-dimen-      
sional images were acquired with an 8 mm8 mm field of 
view at 46 frames per second. 
All rats were used for UBM imaging after three months. 
The rats were anesthetized by intraperitoneal injection of 
6% chloral hydrate (0.6 mL/kg body weight). The skin and 
muscles were then incised approximately 3 cm around the 
original surgical lesion site. Laminectomy was performed to 
excise vertebrae T7 to T9 at the exposed segment. The bone 
window was opened approximately 5 cm4 cm to expose 
the spinal cord. 
Intraoperative UBM imaging was performed after the 
laminectomy, and the spinal cord was viewed (Figure 1). 
The surgical wound provided a basin that was filled with 
sterile gel. The ultrasound scan head was then inserted into 
the saline pool to provide images without actual tissue con-
tact. Imaging was always performed in both the longitudinal 
and transverse planes [23,24]. 
1.3  Histology 
Following ultrasound scanning, the aortic cannulae of two 
rats were immediately perfused with 150–200 mL of normal 
saline and 250–300 mL of 4% paraformaldehyde. The spi-
nal cord was then carefully excised and fixed in the same 
fixative, 4% paraformaldehyde, for 8 h at 40C. The spinal 
tissue, including the lesional area, could be seen under a 
dissecting microscope. A spinal cord segment of approxi-
mately 4 cm was cut off using scissors. The lesion area in 
the center of the segment was ascertained, and the segment 
was embedded in epoxy resin. Epon-embedded sections (8 m) 
were cut horizontally, stained with NF and GFAP, and  
 
Figure 1  (a) A sketch of the UBM imaging system. (b) One Wistar rat is 
scanned using the UBM system. 
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observed under a fluorescence microscope equipped with a 
digital camera system. In all experiments, image acquisition 
using UBM was successful, and there were no complica-
tions related to the use of the instrument. 
2  Results and discussion 
Figure 2(b) and (c) shows the longitudinal and transverse 
UBM images, respectively, of a normal rat thoracic spinal 
cord intraoperatively scanned through a gel-filled bone 
window. The image was compared with that obtained using 
a conventional B-mode sonographic probe (10 MHz) (Fig-
ure 2(a)). It is obvious that the structures and contents of the 
spinal cord are precisely and sharply delineated in the UBM 
images. In Figure 2(b), the longitudinal scan primarily de-
picts the spinal cord white matter (hypoechoic region) with 
a small, longitudinally oriented hyperintense structure that 
reflects the gray matter of the lateral ventral horn. The ven-
tral dura and vertebral bodies appear obvious in the hy-
perechoic region (white hollow arrow). The transverse scan 
in Figure 2(c) allows us to distinguish between the butterfly 
appearance of the spinal cord gray matter and the surround-
ing hypoechoic white matter. The dural surface around the 
spinal cord shows a hyperechoic region (white solid arrow).  
Figure 3(a) shows a longitudinal section of thoracic spi-
nal cord of one rat with acute injury. The spinal cord was 
transected with a surgical blade at the level of T8. The spi-
nal cord wound is clear in the image. The tissue with the 
hypoechoic region is the spinal cord, which is surrounded 
by middle-level reflective blood and other fluid (BF). The 
ventral dura appears hyperechoic (white hollow arrow). 
Figure 3(a) also shows that the tissues were deformed and 
upheaved because the spinal cord and dura were transected.  
Figure 3(b) shows a longitudinal section image of the 
thoracic spinal cord of one rat with chronic injury; the im-
age was obtained using conventional B-mode ultrasonogra-
phy. Figure 3(c) is a longitudinal section UBM image of the 
same rat. The resolution of the UBM image is better than 
that obtained by conventional B-mode sonography. The 
damaged location shows obvious hyperechogenicity and an 
irregular shape in Figure 3(c). No cyst cavity appeared dur-
ing the secondary degenerative process in this rat. Figure 
3(d) is a longitudinal section UBM image of the thoracic 
spinal cord of another rat with chronic injury. Many cysts 
developed during the secondary degenerative process. In 
addition to large cysts, all small cysts with diameters of 0.1– 
0.2 mm are clearly observed in the UBM image. 
 
Figure 2  (a) A conventional B-mode ultrasound (10 MHz) image of a normal rat; (b) and (c) longitudinal and transverse section UBM images of the same 
normal spinal cord (white hollow arrow, vertebral bodies; white solid arrow, dural surface).  
 
Figure 3  (a) Thoracic spinal cord longitudinal section UBM image of one rat with acute injury (white hollow arrow, ventral dural surface; BF, blood). (b) 
Longitudinal section conventional B-mode sonography and (c) UBM image of one rat with chronic injury (white solid arrow, chronic spinal cord injury). (d) 
Longitudinal transverse section UBM image of one rat with a chronically injured spinal cord (white hollow arrow, cyst cavity). (e) Transverse section UBM 
image and (f) longitudinal section UBM image of another rat with a chronically injured spinal cord (CC, cyst cavity; white solid arrow, ventral dural surface; 
white hollow arrow, glial scar).  
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The spinal cord transverse and longitudinal section UBM 
images of one rat with serious chronic injury are shown in 
Figure 3(e) and (f), respectively. A large cyst can be seen in 
both the transverse and longitudinal images. The ventral 
dura appears hyperechoic (white solid arrow). Obvious hy-
perechoic speckles appear at the edge of the cyst cavity with 
homogeneous hypoechogenicity. These hyperechoic speck-
les differ from normal spinal cord tissue. These speckles were 
considered to be a glial scar formed by increased numbers 
of neuroglial cells. 
To determine the imaging effect of glial scars in UBM 
images, histoanatomic and UBM images were compared. 
Figure 4(a) and (b) shows fluorescence microscopy photo-
graphs of spinal cord tissue segments, and Figure 4(c) 
shows the longitudinal section UBM image of a spinal cord 
with chronic injury. The photography reveals an obviously 
dense part of the neuroglial cell (white solid arrow). The 
dense neuroglial pad can also be seen in the UBM image. 
This finding could be helpful in resection of the glial scar 
following SCI. 
3  Conclusion 
Ultrasound imaging is an important tool that has been used 
to observe intraspinal abnormalities and assess the progress 
of spinal cord surgery before the operation is completed. 
Many publications have described the application of in-
traoperative ultrasound of the spinal cord [12,15,16], but the 
image quality of conventional B-mode sonography has lim-
ited its use. Some researchers have suggested that ultra-high- 
frequency ultrasound should produce more detailed images 
of the spinal cord [25]. Based on this opinion, the present  
 
Figure 4  (a), (b) Fluorescence microscopy photograph of a spinal cord 
longitudinal section of one rat with chronic injury. (c) UBM image of a 
spinal cord longitudinal section of the same rat. 
experimental investigation was undertaken to evaluate the 
capabilities of UBM imaging to identify morphologic changes 
that occur after the experimental SCI is cut off in adult rats. 
(1) Compared with common B-mode sonography, the 
quality and resolution of UBM images are obviously better. 
The structures and contents of the spinal cord of the rat 
model can be precisely and sharply delineated. (2) In the 
normal rat model, the spinal cord gray matter and surround-
ing white matter can possibly be distinguished in UBM im-
ages. In common B-mode sonography, this is impossible. (3) 
For acutely injured spinal cords, the spinal cord and sur-
rounding blood can be obviously distinguished. (4) The most 
important finding comes from the observation of spinal 
cords with chronic injury. With the exception of small cysts, 
glial scars formed in secondary injury also showed obvious 
hyperechoic speckling in UBM images. Fluorescence mi-
croscopy photography of spinal cord tissue slices revealed 
that these hyperechoic speckles appearing in the UBM im-
age represented the dense part of neuroglial cells. The UBM 
images correlated with the histoanatomic images. 
However, higher frequency in ultrasound means both 
improved resolution and reduced tissue penetration. The 
diameter of the human spinal cord is obviously larger than 
that of rats. The feasibility of higher-frequency ultrasound 
in humans must be further explored. However, findings 
from this study provide useful information for further clini-
cal experiments employing UBM imaging in nerve regener-
ation strategies and cell-based transplantation strategies in 
the injured spinal cord, which might become a relevant 
therapy for humans with SCI. 
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